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Figure TS.6 |  Radiative forcing (RF) and Effective radiative forcing (ERF) of climate change during the Industrial Era. (Top) Forcing by concentration change between 1750 and 
2011 with associated uncertainty range (solid bars are ERF, hatched bars are RF, green diamonds and associated uncertainties are for RF assessed in AR4). (Bottom) Probability 
density functions (PDFs) for the ERF, for the aerosol, greenhouse gas (GHG) and total. The green lines show the AR4 RF 90% confidence intervals and can be compared with the red, 
blue and black lines which show the AR5 ERF 90% confidence intervals (although RF and ERF differ, especially for aerosols). The ERF from surface albedo changes and combined 
contrails and contrail-induced cirrus is included in the total anthropogenic forcing, but not shown as a separate PDF. For some forcing mechanisms (ozone, land use, solar) the RF is 
assumed to be representative of the ERF but an additional uncertainty of 17% is added in quadrature to the RF uncertainty. {Figures 8.15, 8.16}

AR4, N2O has overtaken CFC-12 to become the third largest WMGHG 
contributor to RF. The RF from halocarbons is very similar to the value 
in AR4, with a reduced RF from CFCs but increases in many of their 
replacements. Four of the halocarbons (trichlorofluoromethane (CFCl3, 
CFC-11), CFC-12, trichlorotrifluoroethane (CF2ClCFCl2, CFC-113) and 
chlorodifluoromethane (CHF2Cl, HCFC-22) account for 85% of the total 
halocarbon RF. The former three compounds have declining RF over 
the last 5 years but are more than compensated for by the increased 

RF from HCFC-22. There is high confidence that the growth rate in RF 
from all WMGHG is weaker over the last decade than in the 1970s and 
1980s owing to a slower increase in the non-CO2 RF. {2.2.1, 8.3.2}

The short-lived GHGs ozone (O3) and stratospheric water vapour also 
contribute to anthropogenic forcing. Observations indicate that O3 
likely increased at many undisturbed (background) locations through 
the 1990s. These increases have continued mainly over Asia (though 

IPCC	  AR5	  
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Part	  1:	  Applying	  MODIS	  CollecGon	  6	  (MC6)	  
ParameterizaGon	  to	  RRTMG_LW	  

Part	  2:	  EsGmaGng	  Longwave	  Flux	  Difference	  
(ΔF)	  Because	  of	  Ice	  Cloud	  



Part	  1	  (1/2):	  MC6	  and	  Fu	  ParameterizaGons	  

RRTMG_LW	  
	  
	  

Ice	  Cloud	  Models	  
	  
	  

Results	  
	  
	  
• Upward	  Flux	  (Fu)	  
• Downward	  Flux	  (Fd)	  

• MC6	  
• Fu	  (Fu	  et	  al.	  1998)	  

16	  Spectral	  Bands	  
(10	  –	  3250	  cm-‐1)	  
(Mlawer	  et	  al.	  1997)	  



MC6	  Ice	  Cloud	  Model	  
•  Aggregate	  of	  Columns	  
•  Roughened	  Surface	  

Fu	  Ice	  Cloud	  Model	  
•  Single	  Hexagonal	  Column	  
•  Smooth	  Surface	  

Part	  1	  (1/2):	  MC6	  and	  Fu	  ParameterizaGons	  

RRTMG_LW	  
	  
	  

Ice	  Cloud	  Models	  
	  
	  

Results	  
	  
	  
• Upward	  Flux	  (Fu)	  
• Downward	  Flux	  (Fd)	  

• MC6	  
• Fu	  (Fu	  et	  al.	  1998)	  

16	  Spectral	  Bands	  
(10	  –	  3250	  cm-‐1)	  
(Mlawer	  et	  al.	  1997)	  



MidlaGtude	  Summer	  (MLS)	  

W/m2	  

Part	  1	  (2/2):	  Flux	  Difference	  

ΔF	  =	  FMC6	  –	  FFu	  



MidlaGtude	  Summer	  (MLS)	  

W/m2	  

ΔF	  =	  FMC6	  –	  FFu	  

Part	  1	  (2/2):	  Flux	  Difference	  

Decrease	  

Increase	  



Part	  2	  (1/4):	  Model	  Sejngs	  and	  Flux	  Difference	  

Results	  	  
Fu	  and	  Fd	  

AbsorpGon	  Only	  

RRTMG_LW	  

16	  Stream	  DISORT	  
(Stamnes	  et	  al.	  1988)	  

Scaled-‐τ	  Technique	  
(Chou	  et	  al.	  1999)	  

Ice	  Cloud	  Model	  	  
•  MC6	  	  
•  In-‐situ	  PSDs	  

(Heymsfield	  et	  al.	  2013)	  

(Mlawer	  et	  al.	  1997)	  



Defini-on	  of	  Flux	  Difference	  (ΔF)	  
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(a)	  Abs.	  –	  DISORT	   (b)	  Scaled-‐τ	  –	  DISORT	  

W/m2	  

Part	  2	  (2/4):	  Flux	  Difference	  under	  MLS	  

W/m2	  



(a)	  Abs.	  –	  DISORT	   (b)	  Scaled-‐τ	  –	  DISORT	  

W/m2	  

12.6	  W/m2	   7.7	  W/m2	  

Part	  2	  (2/4):	  Flux	  Difference	  under	  MLS	  

W/m2	  



June,	  2014	  (MLS)	  

Ice	  Cloud:	  
OpGcal	  Thickness	  
EffecGve	  Diameter	  
Cloud	  FracGon	  

Part	  2	  (3/4):	  Flux	  Difference	  EsGmaGon	  

Aqua	  MODIS	  CollecGon	  6	  	  
Level	  3	  Monthly	  Averaged	  Data	  



W/m2	  

Part	  2	  (4/4):	  Flux	  Difference	  EsGmaGon	  

(a)	  Abs.	  –	  DISORT	  

(b)	  Scaled-‐τ	  –	  DISORT	  



Conclusions	  
Applying	  MC6	  ParameterizaGon	  to	  RRTMG_LW	  

EsGmaGng	  Longwave	  ΔF	  Because	  of	  Ice	  Cloud	  

•  Overall,	  the	  warming	  effect	  due	  to	  ice	  clouds	  is	  
smaller	  with	  the	  MC6	  model	  than	  with	  the	  Fu	  
model.	  	  

•  A	  radiaGve	  transfer	  model	  implemented	  with	  
light	  scaoering	  process	  is	  needed	  in	  climate	  
simulaGons.	  
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RRTMG_LW	  

•  Ice	  Cloud	  ParameterizaGon	  
–  Fu-‐Liou	  parameterizaGon	  
–  From	  Fu	  et	  al.	  1998	  

•  RadiaGve	  Transfer	  Process	  
–  AbsorpGon	  only	  (diffusivity	  factor	  1.66;	  or	  angle	  53°)	  

•  16	  Longwave	  Spectral	  Bands	  
RRTMG	  LW	   Band01	   Band02	   Band03	   Band04	   Band05	   Band06	   Band07	   Band08	  

Wavenumber	  	  
(cm-‐1)	   10	  -‐	  350	   350	  -‐	  500	   500	  -‐	  630	   630	  -‐	  700	   700	  -‐	  820	   820	  -‐	  980	   980	  -‐	  1080	   1080	  -‐	  1180	  

Wavelength	  	  
(μm)	   1000	  -‐	  28.57	   28.57	  -‐	  20.00	   20.00	  -‐	  15.87	   15.87	  -‐	  14.29	   14.29	  -‐	  12.20	   12.20	  -‐	  10.20	   10.20	  -‐	  9.26	   9.26	  -‐	  8.47	  

RRTMG	  LW	   Band09	   Band10	   Band11	   Band12	   Band13	   Band14	   Band15	   Band16	  

Wavenumber	  	  
(cm-‐1)	   1180	  -‐	  1390	   1390	  -‐	  1480	   1480	  -‐	  1800	   1800	  -‐	  2080	   2080	  -‐	  2250	   2250	  -‐	  2380	   2380	  -‐	  2600	   2600	  -‐	  3250	  

Wavelength	  	  
(μm)	   8.47	  -‐	  7.19	   7.19	  -‐	  6.76	   6.76	  -‐	  5.56	   5.56	  -‐	  4.81	   4.81	  -‐	  4.44	   4.44	  -‐	  4.20	   4.20	  -‐	  3.85	   3.85	  -‐	  3.08	  

tF	  :	  flux	  transmioance	  
τ	  	  :	  opGcal	  thickness	  
	  	  	  	  :	  effecGve	  zenith	  angle;	  cos(53°)	  

Adjust	  with	  total	  column	  water	  in	  some	  bands	  	  

(GCM	  version	  of	  Rapid	  RadiaGve	  Transfer	  Mode	  in	  Longwave)	  
From	  AER	  company	  hop://rtweb.aer.com/rrtm_frame.html	  



Ice	  ParGcle	  Model	  –	  MC6	  
•  MODIS	  CollecGon	  6	  (MC6)	  

–  Aggregated	  hexagonal	  columns	  
–  σ2	  =	  0.5	  surface	  roughness	  
–  From	  Yang	  et	  al.	  2013	  

•  RefracGve	  Indices	  of	  Ice	  
–  From	  Warren	  and	  Brandt	  2008	  

•  ParGcle	  Size	  DistribuGon	  (PSD)	  
–  Ice	  cloud	  (temperature	  ≤	  -‐40˚C)	  
–  14406	  PSDs	  (11	  field	  campaigns)	  
–  From

hop://www.ssec.wisc.edu/ice_models/
microphysical_data.html	  

•  Baum	  (2011)	  found	  that	  uGlizing	  severely	  
roughened	  ice	  parGcles	  best	  compares	  
with	  observaGons	  from	  CALIOP	  (Cloud	  
aerosol	  Lidar	  with	  Orthogonal	  
PolarizaGon).	  

•  Without	  considering	  surface	  roughness	  
would	  cause	  1-‐2	  Wm-‐2	  on	  global	  mean	  
shortwave	  cloud	  radiaGve	  effect	  (Yi	  et	  al.	  
2013).	  

Field	  Campaign	   Year	   Number	  of	  PSDs	  
ARM-‐IOP	   2000	   1420	  

TRMM	  KWAJEX	   1999	   201	  
CRYSTAL-‐FACE	   2004	   221	  

SCOUT	   2005	   358	  
ACTIVE-‐Monsoons	   2005	   4268	  
ACTIVE-‐Squall	  Lines	   2005	   740	  
ACTIVE-‐Hector	   2005	   2583	  

MidCiX	   2004	   2968	  
Pre-‐AVE	   2004	   99	  
MPACE	   2004	   671	  
TC-‐4	   2006	   877	  



Ice	  ParGcle	  Model	  –	  Fu	  

•  Fu	  ice	  parGcle	  model	  
–  Single	  hexagonal	  column	  
–  Smooth	  parGcle	  (σ2	  =	  0	  surface	  roughness)	  
–  From	  Fu	  and	  Liou	  1993,	  Fu	  1996,	  and	  Fu	  et	  al.	  1998	  

•  RefracGve	  Indices	  of	  Ice	  	  
–  From	  Warren	  1984,	  and	  Gosse	  et	  al.	  1996	  

•  ParGcle	  Size	  DistribuGon	  (PSD)	  
–  28	  PSDs	  	  
(6	  field	  campaigns)	  

Field	  Campaign	   Year	   Number	  of	  PSDs	  
Heymsfield	  and	  Plao	   1984	   8	  
Takano	  and	  Liou	   1989	   4	  

FIRE-‐IFO-‐I	   1986	   5	  
FIRE-‐IFO-‐II	   1991	   2	  
CEPEX:	  IWC	   1993	   4	  
CEPEX:	  April	  4	   1993	   5	  



Scaled-‐τ	  Technique	  

τ	  	  :	  opGcal	  thickness	  
	  	  	  	  :	  effecGve	  zenith	  angle;	  cos(53°)	  
ω	  :	  single-‐scaoering	  albedo	  
g	  	  :	  asymmetry	  factor	  
ai	  	  :	  polynomial	  coefficients	  

Flux	  	  
transmioance	  

Diffusivity	  factor	  

FracGon	  of	  
forward	  scaoering	  

Adjusted	  opGcal	  
thickness	  

53°	  tF	  

(Chou	  et	  al.	  1999)	  
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SubarGc	  Winter	  (SAW)	  MidlaGtude	  Summer	  (MLS)	  

Part	  1:	  Flux	  Difference	  (FMC6	  -‐	  FFu)	  

W/m2	   W/m2	  

W/m2	  W/m2	  

(a)	  

(b)	  

(c)	  

(d)	  



Abs.	  -‐	  DISORT	   Scaled-‐τ	  Tech.	  –	  DISORT	  
Part	  2:	  ΔF	  under	  MLS	  condiGon	  

W/m2	  

W/m2	  W/m2	  

W/m2	  

(a)	  

(b)	  

(c)	  

(d)	  

12.68	  W/m2	  

-‐2.55	  W/m2	   -‐1.74	  W/m2	  

7.75	  W/m2	  



Abs.	  -‐	  DISORT	   Scaled-‐τ	  Tech.	  –	  DISORT	  
Part	  2:	  ΔF	  under	  SAW	  condiGon	  

W/m2	  

W/m2	  W/m2	  

W/m2	  

11.11	  W/m2	  
7.17	  W/m2	  

-‐3.24	  W/m2	   -‐2.04	  W/m2	  

(a)	  

(b)	  

(c)	  

(d)	  



Part	  2:	  EsGmaGon	  of	  ΔF	  in	  MLS	  
June	  

July	  

August	  

W/m2	  

(a)	  

(b)	  

(c)	  

(d)	  

(e)	  

(f)	  
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